Introduction
Over the last two decades, Atomic Force Microscopy (AFM) has emerged as the tool of choice to image living organisms in a near-physiological environment. Whereas fluorescence microscopy techniques allow labeling and tracking of components inside cells and the observation of dynamic processes, AFM is mainly a surface technique that can be operated on a wide range of substrates including biological samples. AFM enables extraction of topographical, mechanical and chemical information from these samples.
This review gives a brief overview of the existing AFM modes and the accessories that can be used to extract various types of data from living cells. Although AFM can provide important information from cells, it now appears essential to couple it with light microscopy techniques like bright-field, differential interference contrast (DIC) [1] , epifluorescence [2] [3] [4] , or total internal reflection fluorescence (TIRF) [5] . The present review will also highlight how such a combination is possible.
Instrumentation
Setup. For a non-compromised coupling with light optics, the ideal AFM must fulfill some technical requirements ( Figure 1A) . First, the head must allow large and easy access to the sample (to exchange the media) and be compatible with most types of condensors. Second, the sample insert should be physically compatible with the major types of supports used both in AFM and light microscopy techniques (glass slides, cover slips, and Petri dishes having different diameters). Third, it should contain a hole in its center to ensure propagation of the light beam, which should be as large as possible to allow the user freedom to operate with high-magnification objectives. The stage should also have temperature control capabilities to keep the sample at a controlled temperature. Of course, coupling with light optics should not compromise any AFM operation. (AFM modes will be detailed further on.)
In regular incubators, cells are maintained under a CO 2 /O 2 gas flow, and culture media are buffered by bicarbonate so they can be kept alive over a non-limited period of time. However, out of the incubator, the culture medium must be replaced to keep the pH constant. Some advanced perfusion systems enable long-duration culture of cells while maintaining full compatibility with the AFM ( Figure 1B) . By using one those specific chambers, cell culture media can be perfused continuously or intermittently, either to replace nutrient-depleted media or to investigate a dynamic response to a change in medium composition. The system must also be totally sealed to avoid evaporation and allow for perfusion of the gas. Eventually, the temperature must be precisely controlled, especially close to the area where the sample is being scanned. Together, these features can maintain cell cultures effectively for many hours or even days under the appropriate conditions. Cells can be adherent or not adherent to the substrate used for imaging. For adherent cells, the cells are grown directly on the imaging support. If certain cells are found to be biocompatible on a wide range of surfaces, it is strongly advised to use a transparent substrate like glass, which can combine AFM and light optical measurements. In the case of non-adherent cells, Silicon nitride cantilevers give very good results on most biological samples [9] [10] . The spring constant should be as low as possible in contact mode, whereas stiffer levers can be used in tapping mode. Adjusting the imaging forces requires calculating the deflection sensitivity and the spring constant (see "Force mode" paragraph). In tapping mode, the cantilever must oscillate close to its resonance frequency. The Auto Tune function of the microscope can help find the proper working frequency [11] . As cells are extremely soft substrates, the best lateral resolution that can be expected is about 10 nm [12] [13] [14] . Both of these modes have been shown to provide good results in live-cell imaging (Figure 2A ), but more relevant results are obtained when combined with light microscopy ( Figure 2B) .
In force mode, the AFM tip is first located above the sample, lowered to come in contact with it, and then retracted. During this approach-retract cycle, the probe goes through an attractive field, reaches the contact point, and indents into the sample. The effects can be measured and plotted. The linear portion of this extend curve can be extrapolated to estimate the sample stiffness and calculate the corresponding Young's modulus using a mathematical fit. When the tip moves back to its original position, the rupture of the adhesive meniscus existing between the tip and the sample causes a jump in the retraction curve. This step height represents the non-specific adhesion between the probe and the sample surface and is greatly reduced when working in a fluid environment. The deflection sensitivity and the spring constant of the cantilever, required to access quantitative values, can be automatically calculated with most modern AFMs. The force mode can be operated either by using single force measurements or repeated on a matrix of points and thus will be referred to as the force volume mode. At each pixel of the image, both the extend curve and the retract curve are recorded, allowing simultaneous adhesion and stiffness mapping ( Figure 3 ).
AFM probes can also be functionalized with a wide range of active ligands to investigate the specificity of interaction toward the corresponding receptors, most of the time distributed on several techniques can be used. A more elegant one consists of trapping small eukaryotic cells or bacteria in pores by filtration [6] . Having an AFM directly correlated to an inverted light microscope allows a straightforward localization. This technique has been proven to give valuable results on living red blood cells, yeasts, and bacteria.
Operating modes. The most commonly used AFM modes are the contact [7] and tapping [8] modes, though the force volume mode can also be considered as an imaging technique because topographical information can be extracted from force volume images. In contact mode the AFM probe is scanned over the sample surface at a constant force, and if the scanning forces are not carefully adjusted, shear and friction effects can cause delicate samples to be damaged. In the tapping mode, the probe oscillates in the vertical axis and only intermittently contacts the sample, thus friction forces are negligible, which makes it one of the techniques of choice to image living cells. Whichever technique is used, working on biological samples requires choosing the proper cantilevers. (1), whereas on the cell core, which is much softer, the transition to the linear segment of the curve is much smoother. From the linear part of these curves, the Young's modulus can be extracted. Typical examples of low (1) and high (2) adhesion curves are also shown in C. If the tip is functionalized with a ligand, the specific unbinding events should also be visible on those retraction curves and can be quantified by using specific programs (see Figure 4) .
www.microscopy-today.com • 2010 November AFM Imaging of Living Cells microscopy with a remarkable precision. Combining the AFM approach, for locally applied mechanical deformations, with live cell fluorescence imaging allows the simultaneous measurement of biochemical signaling responses [21] .
Topography. The primary function of AFM, however, is to obtain topographical information of the scanned sample. For instance, although the in-vitro structure of S-layers (monomolecular layers of proteins and glycoproteins found in the cell envelope of some bacteria) has been well established over the last decade, their direct imaging in living bacteria had never been adequate. Recently an in-vivo AFM investigation of S-layer nanoarrays [22] provided high-resolution images that open the way to important experiments in nanoscience. Without a doubt, the most unique aspect of AFM is its ability to establish the connection between the structure and the function of subcellular components, cells, and even tissues. For instance, a study of the ultrastructure of bone marrow CD34(+) cells pointed out that AFM might become a valuable tool for fast leukemic diagnosis and hematopoietic cell selection [23] . In endocrinology, AFM investigations of plasma membranes of living cells provided new insights into the mechanisms of docking and fusion of secretory vesicles and confirmed the existence of the porosome. This type of discovery can lead to amelioration of secretory defects in disease states [24] . In the field of regenerative medicine, using human embryonic stem (hES) cells, AFM was successfully used to show the specificity of distribution of TRA-1-81 receptors and revealed that differentiated and non-differentiated cells exhibit different distributions [25] . This technique can be extended to other cell types and offers exciting outlooks in several disciplines, tissue engineering among them.
Cell elasticity. Measurements of local changes in cell elasticity in response to various factors proved that softening or stiffening effects directly impact the structure and function of the cell and sometimes affect the organism at a higher scale. Early AFM studies from the beginning of the 1990s demonstrated that some dynamic rearrangements of the cytoskeleton enabled the cell to divide, migrate, or maintain shape, and that actin had a key role in these functions [26] [27] [28] [29] [30] [31] [32] [33] . From a physiological point of view, it is known that an excess of plasma sodium can cause stroke, and recent AFM cell elasticity measurements achieved on living endothelial cells have shown a direct correlation between the sodium concentration the topmost layer of the cells. In this case, specific unbinding events can be visualized on the retraction curve and distinguished from non-specific adhesion. This technique can also be used to map the distribution of molecules of interest inside a plasma membrane or even determine the kinetic affinity constant between two single molecules [15, 16] . Force volume images can be post-processed, and different types of data can be extracted from them. Certain programs allow display of a three-dimensional rendering of the sample topography, where a color scale may be added as a second skin to display the elasticity. If the tip is functionalized, red arrows can indicate the location of the specific unbinding events ( Figure 4 ). As in contact or tapping modes, force measurements can also be combined with light optical imaging. Overlaying light and AFM images provides correlation of specific parts of the cell with local changes in topography, chemistry, and mechanical properties [17] .
Recently the Peak Force Tapping TM mode has been developed, in which the system modulates the z-piezo far below the cantilever resonance frequency and performs a very fast curve at each pixel of the image. The peak interaction force of each of these curves is used as the imaging feedback signal, enabling operation at lower forces than even what is achievable with normal tapping mode, and the different channel signals (like topography, peak force error, adhesion, elastic modulus, deformation, and dissipation) may be calculated. Another key feature of this mode is that quantitative information can be directly extracted from all the images if the probe is calibrated on a known sample prior to the experiment. This derivative mode, referred to as Peak Force QNM (Quantitative Nanomechanical properties), is faster than any force mode and provides more information than tapping mode and force volume mode.
Living cells. Since the first observations of dynamical behavior [18] and the first qualitative [19] and quantitative [20] measurements of local mechanical properties, SPM techniques have greatly improved, and AFM has shown itself to be a straightforward technique to investigate living cells. Whereas electron microscopy and fluorescence microscopy techniques require sample modification, AFM can be operated on the raw sample in nearly physiological conditions. Moreover, whereas electron microscopy implies working on a "dead" sample, AFM can be performed on living cells and can be combined with fluorescence color represents the stiffness of the scanned area (blue = soft, red = stiffer, white = no indentation), and arrows point to areas where specific unbinding events occur between aerolysin that is present on the tip and GPI-anchored proteins that are present on the sample. Scanned area = 5 × 5 µm.
Materials and Methods
All presented data were acquired on a Bioscope Catalyst TM (Veeco Instruments, Santa Barbara CA, USA). The light microscope employed was a DMI6000 (Leica, Wetzlar, Germany). Images in Figures 2, 5 , and 6 were acquired using ScanAsyst TM and a Perfusing Stage Incubator TM (Veeco Instruments, Santa Barbara CA, USA). Images in Figures 5 and 6 were produced using Peak Force Tapping (Veeco Instruments, Santa Barbara CA, USA). For images captured in contact mode and force volume modes, MLCT cantilevers (0.01 N/m) were used. SCANASYST-FLUID cantilevers (0.4 N/m) (Veeco Instruments, Santa Barbara CA, USA) were used for peak force tapping images. Tips were functionalized as previously described [45] .
Cultured and labeled U2-OS-osteosarcoma cells were prepared as previously described [17] . Neurons were prepared and cultured as previously described [46] . Cells were plated in 35-mm Petri dishes at a density of 50,000/dish. For AFM measurements, cells were maintained in a K5 medium (128 mM NaCl, 5 mM KCl, 2.7 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose, 20 mM HEPES [pH 7.4]) at room temperature.
Force volume data were post-processed using OpenFovea (www.freesbi.ch/openfovea). Each force distance curve was and the cell stiffness [34] . Similar studies carried out on Hela and osteosarcoma cells showed the usefulness of combining fluorescence microscopy with AFM imaging and force measurements [17] for similar investigations. It is now well accepted that significant alterations of cell mechanical properties can lead to aberrant cellular processes and progression of diseases like cancer, malaria, and possibly neurodegeneration [35] [36] [37] [38] [39] [40] [41] . Thus the AFM, especially when operated in force mode, can be considered a powerful technique to assess and correlate the effects of aging, pathology, and drug treatment [30, [42] [43] [44] . Nevertheless, up to now, AFM force spectroscopy has suffered from two main drawbacks: the lack of spatial resolution and the fact that data acquisition and post-processing are highly time-consuming. Also, optimization of imaging parameters requires some expertise.
Ease of use. The AFM can now be used in fully automated mode, which makes imaging of living cells accessible to inexperienced users. ScanAsyst TM mode offers a good solution for both AFM beginners and advanced users. In that mode, algorithms continuously monitor the image quality to make appropriate parameter adjustments by using Peak Force Tapping mode technology. At each pixel of the image, a force/distance curve (not shown here) is generated from which the different channels can be extracted. Adhesion is calculated like in regular force mode and is the maximum step height between the most negative point of the retract curve and the base line. On the contrary, peak force is the maximum step height between the most positive point of the extend curve and the base line. Dissipation is calculated by integrating the area between the two curves. Young's modulus is calculated by fitting the contact region of the retract curve using the DMT model. Deformation of the sample is obtained by comparison of the z-piezo motion and the cantilever deflection. The tip was calibrated on a known sample prior to experiment. Hence the z-scales are respectively 0-350 mV for peak force error (B), 0-1000 kPa for DMT modulus (C), 0-5 nm for deformation (D), 0-850 eV for dissipation (E) and 0-250 nm for adhesion (F). Scan size is 55 × 55 µm.
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Living cells exhibit the same tendencies, but the most remarkable differences between fixed and living cells are observed in topography, Young's modulus, and deformation. As shown in Figure 7 , the topography of living cells is much higher (1402 ± 169 nm) than fixed cells (571 ± 92 nm). This can be explained by the fact that glutaraldehyde acts as a powerful cross-linking agent on surface proteins, which tends to stretch the cells and cause them to spread and flatten on the support. Second, living cells are considerably softer (73.6 ± 16.7 kPa) than fixed cells (212.2 ± 16.3 kPa). Third, living cells are much more deformable (4.3 ± 0.3 nm) than fixed cells (2.8 ± 0.2 nm).
Discussion
Topography and peak force error images ( Figures 5B, 6A , and 6B) show image resolution similar to that obtained in tapping mode; the other channels display interesting contrast in the cell substructure. The DMT [48] modulus channel shows that the cells are several orders of magnitude softer than their substrate, and the difference of stiffness between the edges and the center parts of the cells is also highly contrasted ( Figures  5C and 6C) . The average Young's modulus is in agreement with previous studies on other types of cells [33] . Cells also appear to be easily deformable in their center but not so much on their edges ( Figures 5D and 6D ). The substrate should not play a significant role in such differences because even on their thinnest parts, cells are at least 50 nm high and by controlling the peak force, the indentation depth should not exceed a tenth scanned to extract the topography, stiffness, and proteinprotein unbinding information. Unbinding events were detected on the retraction curve, using an algorithm that finds events that are not related to noise [47] .
Results Figures 5 and 6 give representative examples of the potential of Peak Force QNM on fixed and living cells, respectively. Figure 5A shows the force on the tip as a function of time for fixed cells. Because force/distance curves are generated at each pixel, images of peak force error, modulus, deformation, dissipation, and adhesion can be produced (Figures 5B through 5F ). Figure 6 shows images of these same parameters for live cells. All cells were imaged using a probe calibrated on a sample having known mechanical properties, thus all the displayed channels show quantitative data. On fixed cells, good contrasts can be observed on most of the displayed channels, which reveals some interesting features of the subcellular network. The adhesion contrast between the cells and the support is not strong, which is in agreement with the fact that working in liquids greatly reduces the adhesion forces. The maximum dissipation occurs at the locations where the tip-sample contact is maximized (edge of the cell), though the differences in dissipation between the cell and the stiff support are clearly marked. This dissipation can be a mix of several factors like topography, elasticity, adhesion, and viscosity, but on the cell edges, topography is likely to be the major contribution to it. of nanometers. Dissipation-reflecting the energy dissipated between the tip and the sample during each tapping cycle-is strongly related to topography. Some local changes in contrast are visible on the cells, but the most striking contrasts are observed on the edges, which makes sense because at this place, the contact area between the probe and the sample is strongly increased (Figures 5E and 6E ). Figure 7 shows that fixed and living cells exhibit dramatic differences in topography, elasticity, and deformability. As a comparison, similar experiments carried out in tapping mode would have probably revealed a high phase contrast between the cells and the support. However, such images would have been a contribution of several properties, whereas Peak Force Tapping mode offers the possibility of distinguishing between these different factors and quantifying them. This type of easy, quantitative approach offers new perspectives in many fields of biology, especially cancer research and physiology.
Conclusion
Since the first investigations on living cells in the early 1990s, AFM has improved considerably. Contact, tapping, and force modes now provide insight in fields like cancer research, infectious diseases, and tissue engineering. In addition, AFM may be a potential diagnosis tool for certain pathologies. The recent development of automated AFM and the emergence of new modes like Peak Force Tapping mode will likely make imaging of living cells and the acquisition of simultaneous quantitative information faster and easier.
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